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Abstract
The Yangtze Estuary is under frequent threats from typhoon-induced storm surge, which has paid attentions by coastal and
environmental researchers. A storm surge–wave coupled three-dimensional model based on MIKE 3 FM and MIKE 21 SW FM
is applied to investigate the hydrodynamic response in the Yangtze Estuary to typhoon. This model has been used to reproduce
the storm surge generated by Typhoon Winnie (No. 9711) and the water surface elevations have been compared with the
available field observations. The study shows that the coupled model with high resolution simulates the typical typhoon impacts
well, and can be used to predict the processes of typhoon-induced storm surge in the Yangtze Estuary. The storm surge induced
water level changes and wave conditions will be provided and discussed for evaluating the effects of the storm surge on several
major sea dike projects in the Yangtze Estuary and the north bank of Hangzhou Bay.
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1. Introduction
Storm surge has become one of major natural disasters affecting the Yangtze Estuary frequently. The
distribution of water level setup and flood risk induced by storm surge should be emphasized. The design and
safety assessment of coastal protection structures need to apply the combined method of storm surge numerical
model and physical model experiment, which is used to determine the water level and wave characteristics induced
by storm surge, study the hydrodynamic characteristics of the sea dike overtopping flow induced by super typhoon,
and assess the overtopping risk and structure stability. To set up an accurate calculation model for simulating the
storm surge process in the Yangtze Estuary, is very important to assess the defence ability and potential risk for
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existing sea dike. Of course, the obviously water level setup and wave induced by typhoon is not only related to the
coastal flood control and sea dike safety, meanwhile its extreme flow field also plays an important role to the
sediment transport in the large estuaries and coasts, as well as the transport of pollutants. Therefore, a 3D model is
more useful in some cases, rather than a 2D model.
Empirical prediction method of storm surge can be traced back to 1930’s. Based on the coastal tidal observation
data, Pore (1964) established the relationship between the water level setup induced by storm surge and the
parameters of tropical cyclone. The weakness of the empirical prediction method is lack of universality. With the
development of computational fluid dynamics and computer technology, the two-dimensional storm surge
numerical simulation technique based on hydrostatic pressure assumption got a quick development. For example,
SLOSH developed by American National Meteorological Bureau in the last century 80's has been widely used
(Jelesnianski et al. (1992)). In recent years, it’s found that in the numerical model for the simulation of storm surge
disaster process, should not only consider the path and cyclone pressure of typhoon, surface wind stress, coastal
topographic feature, and the coupling effects between astronomical tide and storm surge, but also should consider
the coupling of various factors, such as the interaction and interface process of atmosphere and ocean, the coupling
of water level setup and wave, which are illustrated in Kim et al. (2008), Mellor (2008), Wolf (2009), Roland et al.
(2009), Feng et al. (2011), and Bertin et al. (2012). Holland and Webster (2007), and Knutson et al. (2010)
illustrated that global climate change may lead to sea level rise, high frequency and strength enhancement of
typhoon, which factors directly affect the storm disaster level. Recently, Guo et al. (2009) carried out numerical
simulation of storm surges based on FVCOM and analytical cyclone model to investigate the hydrodynamic
response in the Hangzhou Bay to tropical typhoon. Sheng et al. (2010) simulated storm surge, wave, and coastal
inundation in the Northeastern Gulf of Mexico region during Hurricane Ivan in 2004, by using a coupled 3D model
based on CH3D and SWAN. Ferrarin et al. (2013) also applied a 3D tide-surge-wave coupled model to calculate
the storm surge process in the Mediterranean Sea with focus on the Italian coast.
In this paper, a storm surge–wave coupled 3D model which considers the multi coupling factors and multi scale
processes is developed to investigate the hydrodynamic response in the Yangtze Estuary to typhoon. The model is
validated by reproducing the hydrodynamics of Typhoon Winnie (No. 9711) which resulted in one of extremely
recorded high water levels in the Yangtze Estuary. The storm surge induced water level changes and wave
conditions are provided and discussed for evaluating the effects of the storm surge on several major sea dike
projects in the Yangtze Estuary and the north bank of Hangzhou Bay.
2. Coupled storm surge-wave model setup
2.1. Governing equations
Three-dimensional model MIKE 3 FM (an unstructured mesh, cell-centered Finite-Volume 3D Model)
developed by DHI is used in this study. Though the details of MIKE 3 FM and governing equations can be found in
the Scientific Documentation of MIKE 3 FM provided by DHI (2014), here gives a brief description of the model
for completeness and convenience. MIKE 3 FM provides an unstructured triangular & quadrangular mixed grid in
horizontal plane, and a structured mesh in vertical domain based on either sigma coordinate or combined sigma/z-
level coordinates. A flexible mesh provides an optimal degree of flexibility in the representation of complex
geometries and enables smooth representations of boundaries, which makes it possible to focus on areas of interest
with a fine mesh, while at the same time applying a coarser mesh in other areas. The hydrodynamic model is based
on the numerical solution of the three-dimensional incompressible Reynolds averaged Navier-Stokes equations
subject to the assumptions of Boussinesq and of hydrostatic pressure. The free surface is taken into account using a
sigma-coordinate transformation approach for the 3D model. The horizontal terms are integrated using a second
order Runge Kutta method and the vertical terms using a second order implicit trapezoidal rule. Second-order
spatial accuracy is achieved by employing a linear gradient-reconstruction technique.
FM Series meet the increasing demand for realistic representations of nature, both with regard to ‘look alike’
and to its capability to model coupled processes, e.g. coupling between currents, waves and sediments. The storm
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surge–wave coupled three-dimensional model used in the Yangtze Estuary is based on MIKE 3 FM and MIKE 21
SW FM, mainly for modelling of wave-current interaction and time-varying water depth.
MIKE 21 FM SW, which also applies a flexible computational mesh, is used to carry out the wind driven wave
simulations. It is the 3rd generation WAM type model developed by DHI. The solution method used is a fully
spectral instationary formulation. The fully spectral formulation is based on the wave action conservation equation,
as described in e.g. Komen et al. (1994) and Young (1999). The details refer to the Scientific Documentation of
MIKE 21 SW provided by DHI (2014).
2.2. Computing domain and grids
In this study, a large domain-localized mesh resolution strategy is applied in mesh generation, defining large
computational domain covering the main landed area of typhoon and locally refining the concerned regions with
small triangular meshes. The computational domain covers the Yangtze Estuary and Hangzhou Bay, the upstream
open boundary of the Yangtze River is up to Datong, the main range is 120.5-123.5E in longitude and 29.5-32.3N
in latitude (refer to Fig. 1). The horizontal triangular mesh has 38,205 nodes and 70,736 elements, with the
maximum 10,000m grid size in open boundary and the minimum 300m grid size near shoreline of the Yangtze
Estuary. Ten evenly sigma layers are used in the vertical direction. The bathymetry within the Yangtze Estuary and
Hangzhou Bay is obtained from field measurements. The bathymetry of other computational domain is from a
global sea chart database called C-Map.
Fig. 1. Computational domain, mesh and bathymetry.
2.3. Initial and boundary conditions
The initial conditions state that currents and surface elevation are zero. Until the stable flow field is reached, the
typhoon impacts can be considered.
Lateral boundary conditions are assumed to be zero for normal flow to the solid boundary, and along the open
boundary,
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where sp and 0p are the values for atmospheric pressure outside a storm and at the open boundary, respectively;ρ is the density of seawater; g is gravitational acceleration; iT is the period of the constituent; harmonic constants
iH and ig are the amplitude and phase angle of each tidal constituent, respectively; if is the nodal factor of each
tidal constituent; t is the time; ib is the initial phase, and iu is the nodal correction angle. The 9 constituents in
standard notation are K1, O1, P1, Q1, M2, S2, N2, K2, and M4.
The Yangtze River runoff is set to 4.58×104m3/s in the period of typhoon influence. Reasonably accurate
tidal results were achieved with a spatially uniform bottom roughness length of 0.001m.
2.4. Typhoon Winnie
The influence of a typhoon on the Yangtze Estuary strongly depends on its tracks and wind speed. The closer of
typhoon center and the stronger of its intensity, the more damage will be caused to the region. In addition, if a
typhoon meets with a spring tide, a super high storm surge could be induced. Typhoon Winnie in 1997 (No. 9711),
a very strong one historically impacted the Yangtze Estuary greatly, is of this kind, selected for the simulation of
storm surge.
Winnie (1997) can be labeled as the most expensive natural disaster in China. The storm originated from a
tropical disturbance over the west Pacific on August 8, 1997, and it moved northwestward steadily after its
generation and then strengthened gradually. During its landfall at Wenling, Zhejiang Province, China, in the
evening on August 18, the central pressure was about 960 hPa with its maximum surface wind speed of 40 m/s.
Shanghai suffered 8-10 levels of gales with the rainstorm over 50 mm during the typhoon landfall. Part of area
suffered the maximum rainfall over 150 mm.  The tidal elevations of the Yangtze Estuary and the Huangpu River
exceeded the highest record in history. The Huangpu River reached a rare high water level appeared 300 years
return period, and the tide in Huangpu Park reached the elevation appeared once in 500 years return period. Three
urban flood prevention dikes were broken and nearly 20 overflow inundations appeared.
The pressure and wind fields of typhoon Winnie are treated as external forcing on the water surface boundary in
this model, which is from Oceanweather Inc.
3. Results and discussion
The model is validated against measured water level data from several tidal elevation stations in fair condition,
and it can simulate astronomical tide quite accurate in the Yangtze Estuary. Here, only gives the water level
validation during typhoon Winnie. Water level time series during typhoon period of four typical tidal elevation
stations which around Shanghai city are shown in Fig. 2. The hollow dots represent the measurements, and the
solid lines indicate the computed water levels with all the forcing and dissipation agents included, all stations start
from 0 o’clock 17th, 1997. It is seen that the computed water levels agree reasonably well with the actual
measurements at each tidal elevation station. At the Wusong Station, there is a 0.11m difference between the
computed and measured water levels after the landfall of typhoon Winnie. The model slightly underestimated the
water level at peaks at the Wusong station for the reason of typhoon induced rainfalls that increased the Huangpu
River discharge. The maximum difference between the computed and measured water levels at the Luchaogang
Station is about 0.3 m, so is the Zhongjun Station. The maximum difference at the Zhapu Station is about 0.5m
after the landfall of typhoon Winnie. These obvious differences could result from the inaccurate wind stresses. The
average relative error of the extreme values from all stations is obviously below 10%.The coupled 3D storm surge
model can simulate the effects of local wind forcing and surface waves on the dynamics of the water surge well.
Table 1 gives the comparison of extreme values induced by typhoon Winnie with design values for five major
sea dike projects in the Yangtze Estuary and the north bank of Hangzhou Bay, which includes tidal elevation and
significant wave height for the sea dike projects of Chongming Beiyan, Qingcaosha reservoir, Hengsha east beach,
Nanhui east beach, Lingang heavy equipment industry zone and Shanghai chemical industry zone. These data are
from Pan (2011). The tidal elevations are based on 85 datum level, as the bathymetry.
From Table 1, it is seen that the extreme tidal elevations during typhoon Winnie are obviously lower than the
design tidal elevations of these sea dikes, although water lever setups reach 0.61m to 0.82m. However, the
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significant wave heights are different. Chongming Beiyan, Nanhui east beach, Lingang heavy equipment and
Shanghai chemical industry zone exceed the design significant wave height of local sea dikes, especially at
Lingang heavy equipment industry zone, the simulated significant wave height reaches 4.42m, exceed 22.4 percent
than design significant wave height. The sea dikes around Shanghai face actual wave overtopping risk during
typhoon Winnie. It’s necessary to mention that typhoon Winnie is not a super typhoon in this area, and the track of
typhoon Winnie is also not the worse track for storm surge and wave setup. If typhoon Winnie gets stronger or
move on another worse track, sea dikes will be at serious risk of wave overtopping, which may increase sea dike
damage and inundation risk.
Fig. 2. The comparison of simulated water level with field measured during typhoon Winnie.
Upper left: Wusong Station; Upper right: Luchaogang Station; Lower left: Zhongjun Station; Lower right: Zhapu Station.
Table 1. The comparison of extreme values induced by typhoon Winnie with design values for five major sea dike projects in Shanghai.
Sea dike project location Design tidal
elevation (m)
Simulated tidal
elevation (m)
Design significant
wave height (m)
Simulated significant
wave height (m)
Chongming Beiyan (2010) 6.17 4.23 2.17 2.64
Qingcaosha reservoir (2011) 6.13 4.36 2.42 2.23
Hengsha east beach (2008) 5.61 4.14 3.45 3.04
Nanhui east beach (2006) 6.01 4.38 3.67 3.85
Lingang heavy equipment
industry zone (2007) 5.97 4.45 3.61 4.42
Shanghai chemical industry
zone (2007) 6.74 4.56 3.63 3.88
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4. Concluding remarks
A coupled three-dimensional storm surge model system is applied in this study to investigate the hydrodynamic
response in the Hangzhou Bay to tropical typhoon. The tidal elevations reproduced by this coupled 3D model
during Typhoon Winnie agree well with the field observations. Based on this validated model system, the storm
surge induced water level changes and wave conditions are used for evaluating the effects of the storm surge on
several major sea dike projects in Shanghai. The numerical result shows the sea dikes around Shanghai face actual
wave overtopping risk during typhoon Winnie. Clear identification of the potential risk is very important to coastal
protection. The coupled 3D storm surge model considering the multi factors coupling and multi scale process can
also be used to draw an accurate extreme flow field for the study of storm surge disaster risk.
Acknowledgements
This research was supported by National Natural Science Foundation of China (Grant No.51379123), the
Natural Science Foundation of Shanghai Municipality (Grant No. 14DZ1205203) and the State Key Laboratory of
Ocean Engineering (Grant No. GKZD010063, SJTU).
References
Bertin, X., Bruneau, N., Breilh, J.F., et al., 2012. Importance of Wave Age and Resonance in Storm Surges: The case Xynthia, Bay of Biscay.
Ocean Modelling 42, 16-30.
DHI, 2014. Scientific Mannual.
Feng X., Yin B., Yang D., et al., 2011. The Effect of Wave-induced Radiation Stress on Storm Surge during Typhoon Saomai (2006). Acta
Oceanologica Sinica 30(3), 20-26.
Ferrarin, C., Roland, A., Bajo, M., et al., 2013. Tide-surge-wave Modeling and Forecasting in the Mediterranean Sea with Focus on the Italian
Coast. Ocean Modelling 61, 38-48.
Guo, Y., Zhang, J., Zhang, L., Shen, Y., 2009. Computational Investigation of Typhoon-induced Storm Surge in Hangzhou Bay, China.
Estuarine, Coastal and Shelf Science 85(4), 530-536.
Holland, G.J. and Webster, P.J., 2007. Heightened Tropical Cyclone Activity in the North Atlantic: Natural Variability or Climate Trend? Phil.
Trans. Roy. Soc., London, A, 365, 2695-2716
Jelesnianski, C.P., Chen, J., and Shaffer, W.A., 1992. SLOSH-Sea, Lake, and Overland Surges from Hurricanes. U.S. Department of
Commerce, NOAA Tech. Report NWS 48, 71pp.
Kim, S.Y., Yasuda, T., Mase, H., 2008. Numerical Analysis of Effects of Tidal Variations on Storm Surges and Waves. Appl. Ocean Res. 30
(4), 311-322.
Knutson, T.R., Mcbride, J.L., Chan, J., Emanuel, K., Holland, G., Landsea, C., Held, I., Kossin, J.P., Srivastava, A.K., Sugi, M., 2010. Tropical
Cyclones and Climate Change. Nature Geosci 3, 157-163.
Komen, G.J., Cavaleri, L., Doneland, M., Hasselmann, K., Hasselmann S. and Janssen, P.A.E.M., 1994. Dynamics and Modelling of Ocean
Waves. Cambridge University Press, UK.
Mellor, G.L., 2008. The Depth-dependent Current and Wave Interaction Equations: A Revision. J. Phys. Oceanogr 38, 2587-2596.
Pan, L.H., 2011. Defence Capability Assessment of Typical Sea Dikes in Shanghai under typhoon Condition. East China Normal University,
Shanghai. (in Chinese)
Pore, N.A., 1964. The Relation of Wind and Pressure to Extratropical Storm Surges at Atlantic City. J. Applied Meteorology 3 (2), 155-163.
Roland, A., Cucco, A., Ferrarin, C., et al., 2009. On the Development and Verification of a 2D Coupled Wave-current Model on Unstructured
Meshes. J. Marine Syst 78 (supplement), S244-S254.
Sheng, Y.P., Zhang, Y., Paramygin, V.A., 2010. Simulation of Storm Surge, Wave, and Coastal Inundation in the Northeastern Gulf of Mexico
Region during Hurricane Ivan in 2004. Ocean Modelling 35, 314-331.
Wolf, J., 2009. Coastal Flooding: Impacts of Coupled Wave-surge-tide Models. Nat. Hazards 49 (2), 241-260.
Young, I.R., 1999. Wind Generated Ocean Waves, in Elsevier Ocean Engineering Book Series, Volume 2, Eds. R. Bhattacharyya and M.E.
McCormick, Elsevier.
